Extraadrenal enzymes such as CYP2C19 may participate in residual 21-hydroxylation of progesterone leading to milder phenotypes of congenital adrenal hyperplasia (CAH) due to 21-hydroxylase deficiency (21OHD). Among 94 21OHD patients from the Slovene national registry 28 were homozygous or compound heterozygous for severe CYP21A2 mutations. We have reviewed their clinical phenotype and obtained information on maintenance doses of hydrocortisone and fludrocortisone. All patients were genotyped for CYP2C19*2 and CYP2C19*17 alleles. Among eleven patients with CYP2C19*1/*17 genotype, all had salt-wasting 21OHD. Out of 17 patients with CYP2C19 genotypes leading to normal or decreased CYP2C19 activity, 15 had salt-wasting, one had simple virilizing and one had non-classical 21OHD. CYP2C19*1/*17 genotype was associated with lower maintenance dose of fludrocortisone (p = 0.04), but not of hydrocortisone (p > 0.05). Increased CYP2C19 activity could slightly ameliorate mineralocorticoid deficiency in 21OHD.
Introduction
21-hydroxylase deficiency (21OHD) accounts for over 90% of cases of congenital adrenal hyperplasia (CAH), a family of autosomal recessive disorders with an incidence of approximately 1/15.000. 1 21OHD is caused by CYP21A2 gene mutations that impair 21-hydroxylation of progesterone to deoxycorticosterone, a precursor of aldosterone, as well as the conversion of 17-hydroxyprogesterone to 11-deoxycortisol, the precursor of cortisol (Figure 1 ). 2 The compensatory oversecretion of ACTH stimulates the synthesis of adrenal androgen precursors. Thus, clinical phenotype of 21OHD is characterized by the deficiency of aldosterone and/or cortisol, and by the excess of androgens.
In general, good correlation is observed between CYP21A2 genotype and 21OHD clinical phenotype. 3 In salt-wasting (SW) 21OHD, usually manifesting early after birth with a salt-wasting crisis and with ambiguous external genitalia in girls, synthesis of both aldosterone and cortisol is impaired due to severe CYP21A2 mutations. In simple virilizing (SV) 21OHD, manifesting with precocious pubarche and different degree of virilization of external genitalia in girls, only cortisol synthesis is deficient. In non-classical (NC) 21OHD the disease is mild and might not be detected until later in life. 4, 5 However, some patients with absent or functionally inactive 21-hydroxylase do not clinically present with the expected salt-wasting (SW) form of 21OHD. 6, 7 Further-more, some patients may regain their ability to retain salt over time, possibly also by increased activity of other 21hydroxylating enzymes. It has been shown that hepatic cytochrome P450 drug-metabolizing enzyme CYP2C19 can 21-hydroxylate progesterone but not 17-hydroxyprogesterone, possibly ameliorating mineralocorticoid deficiency, but not glucocorticoid deficiency. 8, 9 A large interindividual variability in CYP2C19 activity that is mainly determined by genetic polymorphisms of this enzyme has been observed. CYP2C19*2 allele accounts for 93% of the alleles that code for a non-functional enzyme in the Caucasians and in the Slovene population. 10, 11 A novel variant allele, CYP2C19*17 was reported to lead to ultra-rapid metabolism of some CYP2C19 substrates. It is characterized by two SNPs in the promoter region, -3402C>T and -806C>T, the latter is associated with increased transcriptional activity that leads to ultra-rapid metabolism of some CYP2C19 substrates. 12 CYP2C19*17 allele might thus increase the extraadrenal 21-hydroxylation of progesterone and synthesis of aldosterone. 8 Our aims were to examine the influence of common CYP2C19 polymorphic alleles on clinical phenotype of 21OHD and on maintenance doses of hydrocortisone and fludrocortisone in CAH patients with severe CYP21A2 mutations.
Experimental

1. Subjects
From the Slovene national registry of 21-OHD patients all homozygous or compound heterozygous for se-vere CYP21A2 mutations, which were predicted to result in SW-21OHD, were selected. 3 The registry is including all the known Slovenian patients with genetically confirmed 21-OHD, but it is possible that we have not captured all the 21-OHD patients in the population as Slovenia has not introduced a neonatal screening for 21-OHD yet.
Information on the clinical phenotype and the maintenance dose of fludrocortisone was obtained for all these patients from their medical records. Clinical diagnosis of different types of 21OHD was made by pediatric endocrinologists based on the history, physical examination, electrolyte and hormonal data. 13 Patients with inadequate steroid hormone synthesis were defined as having SW-21OHD when clinical and laboratory signs of renal salt wasting were present in the first months of life, SV-21OHD when virilization appeared before the age of 4 years and NC-21OHD when the signs and symptoms of androgen excess became evident after the age of 4 years.
Written informed consent was obtained from all participants or their parents. The study was approved by the Slovene Medical Ethics Committee.
Molecular Analysis of CYP21A2 Gene
CYP21A2 genes of all 28 patients were analyzed as previously described. 14, 15 Southern blotting and/or sequence-specific PCR amplification (PCR-SSP) were used to detect large gene conversions and deletions, and sequence specific oligonucleotide hybridization (PCR-SSO) and/or sequencing was used to detect CYP21A2 gene point mutations. The results of molecular analyses of 24 out of 28 patients were previously reported. 6, 15 
3. Molecular Analysis of CYP2C19 Gene
All the patients were genotyped for CYP2C19*2 (rs4244285) and CYP2C19*17 (rs12248560) alleles using TaqMan SNP genotyping assays on ABI 7500 Real Time PCR System (Applied Biosystems, Foster City, CA, USA), as previously described. 16 
4. Statistical Analysis
Statistical analysis was performed using WinSTAT 2007.1 for Excel (R. Fitch Software, Germany). Student's t-test was used to compare the maintenance doses of the hydrocortisone and of the fludrocortisone in the 21OHD patients with regard to the presence of CYP2C19 polymorphic alleles. The level of statistical significance was at <0.05.
Results and Discussion
In the cohort of 94 Slovene 21OHD subjects 28 patients from 25 families were homozygous or compound heterozygous for severe CYP21A2 mutations, predicted to result in SW-21OHD. Discordance between the genotype and the phenotype was found in 2 out of 28 patients with severe CYP21A2 mutations who were predicted to have SW-21OHD. The dates of birth of the patients ranged from 1971 to 2008. Clinical characteristics and CYP21A2 and CYP2C19 genotypes of all the included patients are shown in Table 1 .
We examined the role of the CYP2C19 as a potential modifier gene contributing to the extraadrenal 21hydroxylation of the progesterone, possibly ameliorating the mineralocorticoid deficiency in 21OHD. The 16 However, no homozygotes for the CYP2C19*17 were found in our patient group. We have not analyzed other variant CYP2C19 alleles in our study. CYP2C19*17 is the only allele with confirmed association with increased enzyme activity. 12 Among the other non-functional alleles, CYP2C19*3 is very rare in Caucasians and as confirmed by our previous study, also very rare (0.4% allele frequency) in Slovenian population. 11 All the 11 patients with CYP2C19*1/*17 genotype, that could possibly lead to an increased CYP2C19 metabolic capacity for substrate hydroxylation, 8 had SW-21OHD. Among 17 patients with other CYP2C19 genotypes leading to normal (*1/*1 and *2/*17) or decreased (*1/*2) CYP2C19 enzyme activity, 15 had SW-21OHD, one had SV-21OHD and one had NC-21OHD. This data indicates that CYP2C19*1/*17 genotype did probably not influence the clinical phenotype of 21OHD. This is in concordance with the previously reported observations that heterozygosity for CYP2C19*17 is insufficient to modulate the clinical phenotype of SW-21OHD. 8 In the group with CYP2C19*1/*17 genotype the average maintenance dose of hydrocortisone was 16.6 mg/m 2 as compared to 17.7 mg/m 2 in group with other CYP2C19 genotypes (p > 0.05). However, the average maintenance dose of fludrocortisone was 0.057 mg/day in the first group as compared to 0.075 mg/day in the later group (p = 0.04), suggesting a possibility of subtle modification of mineralocorticoid, but not glucocorticoid requirement by CYP2C19 genotype.
We have performed an additional statistical analysis on 22 non-related patients that remained after the exclusion of the three pairs of sibling. The effect of CYP2C19*1/*17 genotype remained significant as the average maintenance dose of fludrocortisone was 0.056 mg/day in the first group as compared to 0.084 mg/day in the latter group (p = 0.02). Our results are consistent with reports that CYP2C19 can 21-hydroxylate progesterone but not 17-hydroxyprogesterone, thus possibly ameliorating the mineralocorticoid deficiency, but not the glucocorticoid deficiency. 8, 9 Other modifier genes that were not accounted for in our study may contribute to the observed 21OHD genotype phenotype inconsistencies as it is possible that other enzymes contribute to extra-adrenal 21-hydroxylation. Besides CYP2C19, CYP3A4 was reported to 21-hydroxylate progesterone, but not 17-hydroxyprogesterone. Although the affinity of CYP3A4 for progesterone was approximately 10-fold lower compared to CYP2C19, it should be noted that CYP3A4 is the most abundant cytochrome P450 drug metabolizing enzyme in the liver. 8 Functional variants in the CYP3A4 gene that may have functional effect have been characterized, but they are rare in Caucasian population. 17 One of the most common functional variants, CYP3A4*22 allele that leads to decreased enzyme activity has a frequency of 5-7% in Caucasian populations. 18 Therefor we would need a much larger sample to investigate the potential role of this polymorphism in 21OHD genotype -phenotype inconsistency.
Conclusions
Our results suggest that the CYP2C19*1/*17 genotype could possibly lead to a very subtle modification of clinical phenotype of 21OHD. The average maintenance dose of fludrocortisone was slightly, although significantly lower in patients with CYP2C19*1/*17 genotype as compared to patients with other CYP2C19 genotypes. On the other hand, the average maintenance dose of hydrocortisone did not differ significantly between the both groups of patients, which is concordant with previous suggestions. 8 Nevertheless, our observations are based on a low number of patients and should be independently validated in a larger cohort of patients with prospectively collected clinical data. Namely, an important limitation of our study is that the data collection was performed retrospectively. However, the main strength of our study is the novel approach, translating the interesting basic findings into the clinical practice with the aim to elucidate the clinical role of possible modifier genes.
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